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PLANETARY PHYSICS X: 

TOTAL ABSORPTION CROSS SECTION OF ATOMIC OXYGEN BELOW 9102 

By R. B. Cairns and James A .  R. Samson 

SUMMARY 

The t o t a l  abso rp t ion  c r o s s  s e c t i o n  of atomic oxygen h a s  been measured i n  
The r e s u l t s  a r e  compared wi th  e x i s t i n g  the-  t h e  wavelength range 910 - 50451. 

o r e t i c a l  computations.  
i n  a He-02 mixture.  

The source  of oxygen atoms was a microwave d ischarge  
In a d d i t i o n  t o  t he  oxygen atoms, e x c i t e d  oxygen molecules 

s t a t e  and metas tab le  He atoms were formed. The procedure taken t o  
e x t r a c t  in the '4 t e oxygen atom c r o s s  s e c t i o n  from those  of t h e  o t h e r  n e u t r a l  and ex- 
c i t e d  spec ie s  i s  given. 

INTRODUCTION 

For an improved understanding of t he  Ea r th ' s  upper atmosphere i t  i s  nec- 
e s s a r y  t o  know t h e  photo ioniza t ion  c r o s s  s e c t i o n  ( ( T i )  and t h e  photoabsorpt ion 
c r o s s  s e c t i o n  (u) of each of i t s  component gases .  Cross s e c t i o n s  of t he  ma- 
j o r i t y  of t he  atmospheric gases  have been measured; however, no experimental  
d a t a  exis t  f o r  atomic oxygen which is  a dominant c o n s t i t u e n t  above 160 km. 
The pho to ion iza t ion  c r o s s  s e c t i o n  of atomic oxygen has  been computed by Bates  
and Seaton El]: Dalgarno and Parkinson [2]  and most r e c e n t l y  by Dalgarno 
e t  a l .  [3]. 
abso rp t ion  c r o s s  s e c t i o n  of atomic oxygen a t  wavelengths s h o r t e r  than i ts  ion-  
i z a t i o n  th re sho ld ,  9108. 

This paper desc r ibes  an experimental  de te rmina t ion  of t h e  t o t a l  

The results a r e  compared wi th  theory.  

9; 
Numbers i n  [ ] throughout t e x t  i nd ica t e  r e fe rence  numbers. 
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EXPERIMENTAL 

A major d i f f i c u l t y  i n  t h e  experiment w a s  t h e  product ion of oxygen i n  s u f -  
f i c i e n t  number f r e e  from e x c i t e d  atomic and molecular states. 
can be produced when molecular oxygen i s  passed through an e l e c t r i c a l  d i scha rge  
where i t  i s  p a r t i a l l y  d i s s o c i a t e d .  
t h e  s t a t e  of t h e  gas emerging from the d i scha rge  is  c o n f l i c t i n g .  For example,  
Linnet and Marsden [ 4 ]  have summarized work which suggested t h a t  t h e  discharged 
gas c o n s i s t s  mainly of ground s t a t e  atoms and molecules. F i t e  and Brackmann [ 5 ]  
were unable t o  d e t e c t  e x c i t e d  spec ie s  i n  concen t r a t ions  g r e a t e r  than 3%. How- 
ever ,  Foner and Hudson [ 6 ]  and subsequent workers d e t e c t e d  e x c i t e d  molecular 
species i n  cons ide rab le  q u a n t i t i e s .  Since t h e  rates of d e a c t i v a t i o n  of t h e s e  
species on v a r i o u s  g l a s s  and metal s u r f a c e s  a r e  d i f f e r e n t ,  t h e  s t a t e  of t h e  gas 
downstream from t h e  d i scha rge  depends on t h e  materials used i n  t h e  c o n s t r u c t i o n  
of appa ra tus .  For t h i s  reason minimum r e l i a n c e  has  been placed on publ ished 
work. 

Atomic oxygen 

The evidence i n  t h e  l i t e r a t u r e  concerning 

The f i r s t  p a r t  of t h i s  paper desc r ibes  t h e  product ion of atomic oxygen and 
t h e  experiments made t o  i d e n t i f y  other  s p e c i e s  p re sen t .  The second p a r t  of t h e  
paper d e s c r i b e s  t h e  c r o s s  s e c t i o n  measurements. 

c 
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THE PRODUCTION OF ATOMIC OXYGEN 

The appa ra tus  used is  shown i n  Figure 1. The source of atomic oxygen 
was an  e l e c t r o d e l e s s  microwave discharge o p e r a t i n g  a t  a frequency of 2450 
Mc/sec. The degree of d i s s o c i a t i o n  of molecular oxygen was promoted with 
two known techniques.  F i r s t l y  t r a c e s  of water vapor w e r e  n o t  removed and 
secondly t h e  oxygen was mixed with helium: t h e  r a t i o  was approximately fou r  
p a r t s  of helium t o  one p a r t  of oxygen. 
30 cm long pyrex abso rp t ion  c e l l ,  which was a t t a c h e d  t o  t h e  exi t  s l i t  of a 
one-half  meter Seya monochromator. 
through t h e  c e l l  and was de t ec t ed  by a windowless pho tomul t ip l i e r .  
p l i e r  was maintained a t  a p re s su re  of about 10-5 rmn Hg using a d i f f e r e n t i a l  
pumping s e c t i o n  wi th  1 nnn diameter h o l e s  d r i l l e d  i n  i t s  oppos i t e  f a c e s  t o  

assage of t h e  photon beam. With t h i s  geometry a wavelength bandpass 

The discharged gas flowed through a 

A monochromatic photon beam passed a x i a l l y  
The mul t i -  

was obtained.  

The number d e n s i t y  of t h e  oxygen atoms was measured a t  t h e  midpoint of 
t h e  abso rp t ion  c e l l  u s i n g  t h e  n i t rogen  d iox ide  t i t r a t i o n  technique [7 ,8 ] .  
The decay of atoms along the  c e l l ,  due t o  w a l l  and volume recombination, was 
determined by adding n i t r i c  oxide t o  the  gas  stream. N i t r i c  oxide recombines 
with atomic oxygen e m i t t i n g  v i s i b l e  l i g h t .  Since t h e  decreasing i n t e n s i t y  of 
t h e  v i s i b l e  l i g h t  a long t h e  c e l l  gave a d i r e c t  measurement of t h e  oxygen atom 
c o n c e n t r a t i o n  g r a d i e n t ,  t h e  t o t a l  number of absorbing atoms could be determined. 

With no gas d i scha rge  r a d i a t i o n  with wavelengths s h o r t e r  t han  5048 was 
h i g h l y  absorbed by He(llS) and a t  longer wavelengths t h e  abso rp t ion  was char-  
a c t e r i s t i c  of molecular oxygen i n  i ts  ground s t a t e  O2(3C-). 
charge switched on t h e  abso rp t ion  spectrum c l e a r l y  showe% t h e  continued pres-  
ence of both O2(3C-) and He(1lS). However a t  c e r t a i n  wavelengths longer than 
9108, t h e  i o n i z a t i o n  o n s e t  of atomic oxygen i n  i t s  ground 3P s t a t e ,  i nc reased  
a b s o r p t i o n  was seen r a t h e r  than the dec rease  expected s i n c e  a t  t h e s e  wave- 
l e n g t h s  t h e  abso rp t ion  cross s e c t i o n  of O(3P) i s  zero.  Other s p e c i e s  were 
p r e s e n t .  I n  o rde r  t o  i d e n t i f y  these s p e c i e s  t h e  abso rp t ion  c e l l  was converted 
t o  s e r v e  both a s  an abso rp t ion  c e l l  and an i o n i z a t i o n  chamber by p l ac ing  with- 
i n  t h e  c e l l  two f i n e  n i c k e l  w i r e  ion c o l l e c t o r s .  F igu res  2a - 2e show t h e  
r e s u l t s  ob ta ined  with t h i s  modified c e l l .  

With t h e  d i s -  

g 

Figure 2a shows t h e  i n t e n s i t y  of t h e  l i g h t  i n c i d e n t  upon t h e  absorbing 
gas  measured a s  a f u n c t i o n  of wavelength. 

Figure 2b shows t h e  i n t e n s i t y  of t h e  l i g h t  t r ansmi t t ed  by the  He-02 gas 
mix tu re  when t h e r e  w a s  no discharge.  

Figure 2c shows t h e  ion  c u r r e n t  due t o  t h e  pho to ion iza t ion  process  

3 + 2  02( C-) + hv -+ 02( IT ) + e- . 
g g 
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F t g ~ r e  2. f a )  The intensity of light incident upon the absorbing gas as 

(b) The intensity of light transmitted by a He(1 S)- 02( Cg) 

(c) The current due to the photoionization of 02( C ) as a 

(d) The current due to the photoionization of both 0 ( C ) 

(e) The current due to the photoionization of both 0 ( C ) 

a function of wavelength. 

gas mixture as a function of wavelength. 
1 -  3 -  

3 -  
function of wavelength. g 

and 0 (la ) as a function of wavelength. 
3 -  

2 g  

3 -  2 g  

and 02(1+), as a function of wavelength, when 2 g  
oxygen atoms have recombined on a mercuric oxide surface. 
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The cond i t ions  were a s  f o r  2b, i . e .  t h e r e  was no d ischarge .  The photo- 
i o n i z a t i o n  threshold  of 02 (3C,)g i s  ind ica t ed .  

Figure 2d shows the  ion  c u r r e n t  when t h e  He-02 gas  mixture  was d ischarged .  
The i o n i z a t i o n  threshold  was s h i f t e d  t o  a ' longer wavelength i n d i c a t i n g  t h e  
presence of an a d d i t i o n a l  spec ie s  wi th  an  i o n i z a t i o n  p o t e n t i a l  0 .99 t 0.04 e V  
less  than t h a t  of ground s t a t e  02. This energy d i f f e r e n c e  i s  equal  t o  t h e  
energy sepa ra t ion  of t h e  
l eng ths  s h o r t e r  than 11188 was a t  l e a s t  p a r t i a l l y  due t o  t h e  process  

and 3 C i  s t a t e s  of 02. Thus i o n i z a t i o n  a t  wave- 

02( 1 A ) + hv -+ o,J2ng) + e- , 
g 

1 
The conclusion t h a t  A molecules were formed w i t h i n  t h e  d ischarge  ag rees  

A t  wi th  t h e  work of Foner and hudson [ 6 ]  who used e l e c t r o n  impact techniques.  
wavelengths longer than  11188, t h e r e  remained an apprec i ab le  i o n  c u r r e n t .  
Since t h e  magnitude of t h i s  c u r r e n t  was independent of wavelength e x c i t e d  mo- 
l e c u l a r  s t a t e s  of 02 with  ene rg ie s  g r e a t e r  than  t h e  l A  
the  3.Z: and '.I? s t a t e s ,  could no t  have been p resen t  i n  measurable q u a n t i t i e s .  
The cons t an t  c u r r e n t  was a sc r ibed  t o  t h e  e j e c t i o n  of e l e c t r o n s  from t h e  ion  
c o l l e c t o r s  by impacting me tas t ab le  hel ium atoms. This  was confirmed wi th  i o n  
c o l l e c t o r s  of d i f f e r e n t  geometr ies .  Account had t o  be  taken  of t h e  f a c t  t h a t  
metas tab le  helium atoms can be  ion ized  i n  t h i s  wavelength reg ion .  However, 
t h e  ion  c u r r e n t  was reduced by less than  5% when t h e  photon beam was switched 
o f f  showing t h a t  t h e s e  metas tab les  absorbed very  l i t t l e  of  t h e  i n c i d e n t  l i g h t .  

s t a t e ,  f o r  example g 
g 

The s p e c i e s  i d e n t i f i e d  i n  t h e  d ischarged  gas  were, t h e r e f o r e ,  0 2 ( 3 . 5 { H  
02('%), O(3P),  and metas tab le  hel ium atoms. 
s t a t e s  and ozone were assumed t o  be  p re sen t  i n  i n s u f f i c i e n t  q u a n t i t i e s  t o  
e f f e c t  t h e  c r o s s  s e c t i o n  measurements. 

Oxygen atoms i n  t h e  l D  and 

To determine t h e  oxygen atom c r o s s  s e c t i o n  i t  was necessary  t o  remove 
s e l e c t i v e l y  e i t h e r  t he  oxygen atoms o r  t h e  02( lA ) molecules .  
e t  a l .  [ l o ]  have r epor t ed  a means of o b t a i n i n g  t i i s  d i s c r i m i n a t i o n  

E l i a s  

atoms recombine r a p i d l y  on a mercuric  ox ide  s u r f a c e  b u t  t h e  02(  
a r e  no t  deac t iva t ed .  A g l a s s  tube coa ted  wi th  mercuric  oxide 
t h e  f low system. It could be pos i t i oned  e i t h e r  up o r  downstream from t h e  d i s -  
charge.  In  t h e  upstream p o s i t i o n ,  t h e  atom and me tas t ab le  concen t r a t ions  
were una f fec t ed .  I n  t h e  downstream p o s i t i o n ,  t h e  mercuric  ox ide  removed 97% 
of t h e  oxygen atoms. The i o n  chamber was used f i r s t l y  t o  conf i rm t h a t  t h e  
mercuric  oxide d i d  n o t  d e a c t i v a t e  02(lA ) molecules  and secondly t o  i n d i c a t e  
whether t h e  oxygen atoms recombined t o  form ground s t a t e  o r  e x c i t e d  oxygen 
molecules.  Figure 2e shows t h e  ion  c u r r e n t  measured wi th  mercuric  ox ide  
downstream from the d ischarge .  A comparison of F igu res  2d and 2e shows t h a t  

a c t i v a t e d  about  70% of t he  me tas t ab le  hel ium atomsg 
atoms must have recombined t o  form the  a d d i t i o n a l  0 2 ( l + ) .  
t i t i e s  of more h igh ly  e x c i t e d  molecular  s t a t e s  were n o t  d e t e c t e d  i n  t h e  i o n  
chamber. ( S t a t e s  with a l i f e t i m e  of  less than  abou t  1 x 10-1 sec formed on 

t h e  mercuric  oxide caused an  inc rease  i n  the  02(  1 A ) c o n c e n t r a t i o n  b u t  de- 
A f r a c t i o n  of t h e  oxygen 

Measurable quan- 
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t he  mercuric oxide would not  have reached the  i o n  chamber.) 
the a t t e n u a t i o n  of t h e  photon beam by both O Z ( ~ C - )  and 02(l%) was s m  11 ( t h e  

r a t i o  of t h e  ions produced be fo re  and a f t e r  i n t r o d u c t i o n  of t h e  mercuric oxide 
gave t h e  r a t i o  of t h e  number d e n s i t i e s  of 0 2 ( l  For t h e  p r e s s u r e  
range used i n  t h e s e  experiments t he  d e n s i t y  of%2 (l%) molecules was inc reased  
20 2 4% when t h e  oxygen atoms were recombined on t h e  mercuric oxide s u r f a c e .  

A t  11088 where 

abso rp t ion  c r o s s  s e c t i o n  of O Z ( ~ % )  a t  t h i s  wavefength i s  2: .0074 Mb If ), the  

) molecules. 
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THE ATOMIC OXYGEN PHOTOABSORPTION CROSS SECTION 

l -  

l -  

The discharged gas contained O 2 ( 3 5 )  , 02(’+), O(3P) He(llS),  and 
- ( 2 3 S ) ] .  Helium l l S  atoms do n o t  absorb a t  wavelen t h s  longer than  

t h e  except ion of t h e  wavelengths corresponding t o  1 B 1  S - m P t r a n s i -  
t i o n s .  

however, s u f f i c i e n t l y  weak t o  be neglected.  
oxy en  atom photoabsorption c r o s s  s e c t i o n  i n  t h e  wavelength range 9101 t o  

The 2l-S and Z3S m t a s t a b l e  helium atoms absorb cont inuously a t  wave- 
l eng ths  s h o r t e r  than 3245 !i and 26101, r e s p e c t i v e l y .  

504 P had t o  t ake  account only of 0 2 ( 3 C , ) ,  02(’%), and O(3P). 

Their  abso rp t ion  was , 
Therefore  a measurement of t h e  

An expres s ion  f o r  t h e  atomic c ros s  s e c t i o n  can be de r ived  from t h e  
measured parameters using t h e  Lambert-Beer Law. 

With mercuric oxide upstream from t h e  d i scha rge ,  one o b t a i n s  

0 where 1, i s  t h e  i n t e n s i t y  of t h e  l i g h t ,  of frequency v, i n c i d e n t  upon t h e  
absorbing gas ( a r b i t r a r y  u n i t s ) ,  

I$ i s  t h e  i n t e n s i t y  of t h e  l i g h t ,  of frequency v ,  t r ansmi t t ed  by t h e  
absorbing gas ( a r b i t r a r y  u n i t s ) ,  

L i s  the  l eng th  of t h e  absorbing gas column ( c m ) ,  

o V ( O 2 ) ,  ~ ~ ( 0 ; ) ~  and cv( ) a r e  the  photoabsorpt ion c r o s s  s e c t i o n s  of 

n / ( 0 2 ) ,  n/(O;)i and n/(O) a r e  the  number d e n s i t i e s  of 02 (3Xi )y  

02( E,), 0 2 (  P % ) y  and O(3P) ,  r e s p e c t i v e l y  (cm2). 

and 
02( 09) and O(3P), r e s p e c t i v e l y  ( p a r t i c l e s  p e r  cm3). 

With mercuric oxide downstream from t h e  d i scha rge ,  

The d i f f e r e n t  s u p e r s c r i p t s  used f n  Equations (1) and (2) denote changes 
i n  t h e  magnitudes of I;, n’(02), n’(O2),  and n‘(0) .  

Since t h e  q u a n t i t y  of molecular oxygen flowing per  s e c  i n t o  t h e  system 
remained c o n s t a n t ,  

* * 
N ( 0 2 )  = n’ (02) + n’ ( 0 2 )  + fin‘(()) = n”(02) + n”(02) + fn”(0)  (3) 

where N ( 0 2 )  was t h e  number of oxygen molecules per cc  when t h e r e  was no 
d i s c h a r g e .  

11 



From Equations ( l ) ,  (2),and (3) 

An experiment prev ious ly  descr ibed  i n  t h i s  paper showed t h a t  t h e  number den- 
s i t y  of Og(’Dg) molecules increased  by 20% i n  t h e  presence of mercuric  ox ide ,  
i . e .  n”(05) 2: 6 / 5  n‘(0;) 

t h e r e f o r e ,  

Equations ( 4 )  and (5) g ive  an  express ion  f o r  a(0) which involves  measured 
q u a n t i t i e s  only: 
n’(0)  and n”(0) wi th  the  NO2 t i t r a t i o n  technique ,  and N(02) wi th  a s e n s i t i v e  
McLeod gauge. The e f f e c t i v e  l eng th  L of t h e  absorb ing  gas  column was assumed 
t o  equal  t h e  length of t h e  abso rp t ion  c e l l ,  i . e .  no account  was taken  of bo th  
t h e  v iscous  pressure  drop and t h e  p re s su re  g r a d i e n t s  a t  t h e  ends of t h e  c e l l .  
This assumption c o n t r i b u t e d  t o  a t o t a l  e r r o r  i n  t h e  de te rmina t ion  of a(0 ) ,  
es t imated  from a comparison wi th  more a c c u r a t e  d a t a  p rev ious ly  obta ined  f121,  
of less than  10%. (Under a l l  cond i t ions  t h e  c a l c u l a t e d  p res su re  d i f f e r e n c e  
between t h e  ends of t h e  c e l l  due t o  v iscous  f low was less than 8% of t h e  mean 
measured p res su re . )  

I;, I:, and 1; were measured wi th  t h e  windowless m u l t i p l i e r ,  

The es t imated  e r r o r  i n  t h e  de te rmina t ion  of ~ ( 0 )  was 230%. Values of 
t h i s  c r o s s  s e c t i o n  a r e  l i s t e d  i n  Table I. 

12 



TABLE I 

ABSORPTION CROSS SECTION OF ATOMIC OXYGEN 

508.434 A I11 
508.595 A 111 

551.371 A V I  

584.331 H e  I 

585.754 A V I 1  

624.617 0 I V  
625.130 0 I V  
625.852 0 I V  

636.818 A 111 
637.282 A I11 

683.278 A I V  

684.996 N 111 
685.513 N 111 
685.816 N I11 
686.335 N 111 

699.408 A I V  1 
700.277 A I V  

702.332 0 111 
702.822 0 111 
/UZ.UYY v iii 
703.850 0 111 

715.599 A V 
715.645 A V 

I 
1 
i 
\ 
j 

_ _  

13.3 

13.2 

11.9 

12 .3  

13.0 

1 3 . 7  

11.8 

17.3 

1 2 . 7  

13.0 

12 .2  

725.542 A I1 

735.89 Ne I 

743.70 N e  I 

758.677 0 V 
759.440 0 V 
760.229 0 V 
760.445 0 V 
761.130 0 V 
762.001 0 V 

760.439 A I V  

774.522 0 V 

779.821 0 I V  
779.905 0 I V  

822.159 A V 

832.754 0 I1 
832.927 0 111 
833.326 0 I1 
833.742 0 111 
834.462 0 I1 

850: 602 

901.168 A I V  
901.804 A I V  

16.7 

1 4 . 3  

7.6 

8.3 

7.9 

7.6 

11.1 

6.0 

5.3 

5.0 

4.7 
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DISCUSSION OF RESULTS 

The measured t o t a l  abso rp t ion  c r o s s  s e c t i o n  of atomic oxygen h a s  been 
p l o t t e d  i n  Figure 3 toge the r  with values  of i t s  i o n i z a t i o n  c r o s s  s e c t i o n  ob- 
t a i n e d  t h e o r e t i c a l l y  us ing  both the d i p o l e  v e l o c i t y  and d i p o l e  l eng th  formu- 
l a t i o n s  [3] .  Dalgarno e t  a l .  [3] favored t h e  r e s u l t s  given by t h e  d i p o l e  
v e l o c i t y  c a l c u l a t i o n  s i n c e  t h e  i t e r a t i v e  process  involved converged more 
r a p i d l y .  
more a c c u r a t e  a t  s h o r t  wavelengths 1133. 

In a d d i t i o n ,  t h e  d i p o l e  v e l o c i t y  c a l c u l a t i o n  was expected t o  be 

The experimental  p o i n t s  a l l  l i e  above t h e  p r e f e r r e d  t h e o r e t i c a l  curve.  
The measured c r o s s  s e c t i o n  a t  9028, c l o s e  t o  the  pho to ion iza t ion  th re sho ld ,  
i s  about 50% h ighe r  than t h a t  c a l c u l a t e d .  The i n c r e a s e s  i n  c r o s s  s e c t i o n  
ob ta ined  t h e o r e t i c a l l y  a t  7328 and 6658 due r e s p e c t i v e l y  t o  t h e  added pos- 

confirmed by experiment. It i s  poss ib l e  t h a t  t h e s e  edges e x i s t ,  b u t  a r e  
hidden by abso rp t ion  i n  l i n e  s e r i e s  going t o  t h e  two series l i m i t s  16.86 and 
18.54 v o l t s  above t h e  ground s t a t e  of t he  oxygen atom. I f  an atom i s  e x c i t e d  
t o  a d i s c r e t e  energy s t a t e  l y i n g  above i t s  lowest  i o n i z a t i o n  p o t e n t i a l ,  i t  
can de -exc i t e  w i th  t h e  emission of r a d i a t i o n  o r ,  s e l e c t i o n  r u l e s  pe rmi t t i ng ,  
can undergo a r a d i a t i o n l e s s  t r a n s i t i o n  t o  an  a d j o i n i n g  continuum. In atomic 
oxygen both of t h e s e  processes  a r e  p o s s i b l e .  Thus a t  c e r t a i n  wavelengths 
l e s s  than 9108 a l l  photons absorbed do n o t  i o n i z e  atomic oxygen e i t h e r  by 
d i r e c t  i o n i z a t i o n  o r  p re - ion iza t ion .  A t  t h e s e  wavelengths t h e  t o t a l  absorp- 
t i o n  c r o s s  s e c t i o n  is  g r e a t e r  than t h e  i o n i z a t i o n  c r o s s  s e c t i o n .  A t  wave- 
l eng ths  where p r e - i o n i z a t i o n  occurs the  abso rp t ion  l i n e s  a r e  broadened and, 
i f  accounted f o r ,  could g r e a t l y  a l t e r  t h e  computed pho to ion iza t ion  c r o s s  sec- 
t i o n .  These c o n s i d e r a t i o n s  may explain t h e  d i f f e r e n c e s ,  which a r e  l a r g e s t  a t  
780g, 7368, 7258, and 6868, between t h e  experimental  and c a l c u l a t e d  c r o s s  
s e c t  i ons .  

s i b i l i t i e s  of i o n i z a t i o n  t o  t h e  2D and 3 P s t a t e s  of O+, a r e  no t  p o s i t i v e l y  

A t  t he  5848 He I l i n e ,  rominent i n  t h e  s o l a r  spectrum, t h e  measured 
c r o s s  s e c t i o n  i s  11.9 x 
given by Dalgarno and Parkinson [2]  and subsequent ly  used i n  d i scuss ions  of 
t h e  formation of t h e  E a r t h ' s  ionosphere. 

cm2. This i s  i n  good agreement with t h e  va lue  

I n  t h e  X-ray r eg ion  t h e  i o n i z a t i o n  c r o s s  secLiuii u F  stiinic axygen has  
been assumed t o  equal  t a ( 0 2 )  [14]. 
extended t o  longer  wavelengths. 
range 300 t o  200g shows c l o s e  agreement with t h e  d i p o l e  l eng th  c a l c u l a t i o n  [3]; 
see Figure 4. 
s e v e r a l  a u t h o r s  [15-171. 
Po Lee [17]. 

This assumption cannot be a r b i t r a r i l y  
However fa(O2),  measured over t he  wavelength 

Measurements of ~ ( 0 2 )  i n  t h i s  r eg ion  have been r epor t ed  by 
Excel lent  agreement was obtained with t h e  work of 

In  a d d i t i o n  t o  t h e  absorpt ion c r o s s  s e c t i o n  of atomic oxygen the  expe r i -  
ment desc r ibed  gave both the  product n(O;)a(O;) and information a s  t o  whether 
~ ( 0 ; )  was g r e a t e r  o r  less than a(02).  
been d i scussed  by E l i a s  e t  a l .  [ l o ] .  Thus t h e  abso rp t ion  c r o s s  s e c t i o n  of 
t h e  02( l%)  molecule could be measured. 

* A technique f o r  measuring n(02) has  

E l i a s  e t  a l .  [ l o ]  found, i n  agreement 
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The experimental points have an estimated accuracy of 

Curves A and B were computed using the dipole 
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with  Foner and Hudson and Herron and Sch i f f  [18], t h a t  about  10% of d ischarged  
oxygen i s  i n  t h e  lAg s t a t e .  
combining on t h e  mercuric  oxide s u r f a c e  t o  form 02(1+) can be c a l c u l a t e d  
s i n c e  

I f  t h i s  i s  so t h e  f r a c t i o n  f of oxygen atoms re- 

Using Equation (5 )  , one o b t a i n s  

Theref o r e ,  

L 

25[n‘ (0) - n”(0)  1 f =  

and when values  of N(02), n‘(O), and n”(0) a r e  s u b s t i t u t e d ,  one o b t a i n s  f = 0 .2 .  

A b r i e f  d e s c r i p t i o n  of t h e  technique used f o r  t h e  product ion  of a h igh  
degree of d i s s o c i a t i o n  of molecular oxygen i s  g iven  i n  t h e  Appendix. 
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APPENDIX I 

TECHNIQUES FOR THE PRODUCTION OF A HIGH OXYGEN ATOM CONCENTRATION 

The atoms were produced i n  a gas d i scha rge .  Three d i f f e r e n t  power sup- 
p l i e s  were used: 

(1) an r f  generator  of h igh  power b u t  low frequency (output  20 kW a t  
450 k c / s e c ) ,  

(2) an r f  gene ra to r  of h ighe r  frequency b u t  lower power (output  200 W 
a t  10 Mc/sec), and 

I (3) a microwave generator  (output 120 W a t  2450 Mc/sec). 

The microwave gene ra to r  was suppl ied with a tunable  c a v i t y .  Most e f f i c i e n t  
coupl ing of t he  r f  gene ra to r s  was obtained when the  e l e c t r o d u e s  were of f i n e  
copper w i r e  wrapped e x t e r n a l l y  around t h e  d i scha rge  tube and then pa in t ed  over 
with "aquadag" t o  provide a l a r g e  con tac t ing  s u r f a c e .  
p l i e s  each produced n e a r l y  equal  concen t r a t ions  of oxygen atoms: 
p r e s s u r e  of 10-1 mm Hg, approximately 5% of t h e  molecules were d i s s o c i a t e d .  
The atom concen t r a t ion  inc reased  with t h e  ou tpu t  power of t he  gene ra to r .  This 
i n c r e a s e  was no t  l i n e a r .  For example, when t h e  ou tpu t  of t h e  microwave gener- 
a t o r  was inc reased  from 40 t o  80% of f u l l  power t h e  atom concen t r a t ion  inc reased  
less than 30%. 

These t h r e e  power sup- 
with an O2 

Two microwave and up t o  six r f  d i scha rges  were run i n  p a r a l l e l .  No s i g -  
n i f i c a n t  i n c r e a s e  i n  t h e  atom concen t r a t ion  was obtained.  

An r f  d i scha rge  maintained i n  s e r i e s  with and downstream from t h e  micro- 
wave d i scha rge  removed a l l  atoms produced i n  t h e  microwave discharge.  This 
h a s  y e t  t o  be explained.  

Over t h e  l i m i t e d  p res su re  range employed i n  t h e  experiments descr ibed i n  
t h i s  r e p o r t  t h e  percentage of oxygen molecules d i s s o c i a t e d  d i d  n o t  change 

---- - -  L: EL - r n c c l E r e g  the percentage decreased. apprec idb iy .  H"w.=vLL ..-e-- r -  - 

The a d d i t i o n  of a t r a c e  quan t i ty  of water vapor t o  t h e  02 is  known t o  
promote t h e  product ion of oxygen atoms. The 5% d i s s o c i a t i o n  quoted above was 
o b t a i n e d  us ing  oxygen which had not been d r i e d .  Passing t h e  oxygen through a 
l i q u i d  n i t r o g e n  cooled t r a p  upstream from t h e  d i scha rge  reduced t h e  d i s s o c i a t i o n  
t o  about  1%. The number of exc i t ed  oxygen molecules formed i n  t h e  d i scha rge  
was, however, n e a r l y  una l t e red  when t h e  oxygen was d r i e d .  

The a d d i t i o n  of a t r a c e  of H2 t o  t h e  02 i n c r e a s e s  t h e  number of oxygen 
atoms produced: a 1% a d d i t i o n  of H2 r e s u l t e d  i n  a t h r e e - f o l d  i n c r e a s e  i n  t h e  
atom d e n s i t y .  However t h e  r a t e  of l o s s  of atoms by volume recombination was 
a l s o  inc reased .  This r e s u l t s  i n  the atoms having a s t e e p  concen t r a t ion  g r a d i e n t  
downstream from t h e  d i scha rge .  
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The technique f i n a l l y  employed t o  i n c r e a s e  t h e  atom d e n s i t y  was t h e  ad- 
d i t i o n  of a l a rge  q u a n t i t y  of t h e  He t o  t h e  02. 
c u l t i e s ,  t h e  He/02 r a t i o  d i d  n o t  exceed 5/1.  
reached 15%. 

Owing t o  gas  handl ing  d i f f i -  
The percentage d i s s o c i a t i o n  
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